Abstract-Distributed photovoltaic (PV) power plant monitoring is one of the crucial aspects for energy forecasting and demand management in the future smart grid (SG) through establishing low-powered communication technology. In this paper, Zigbee wireless technology is considered for AC electrical parameters' monitoring of the distributed PV plant located at Universiti Putra Malaysia (UPM). For this consideration, relevant measurement circuits, Arduino UNO embedded board, and Zigbee radio are interfaced to create a wireless (WS)-node for installing in the PV inverter. In addition, a LabVIEW program is implemented and linked to Microsoft Access Database (MS Access DB) at the control center server system for the Zigbee-based wireless data acquisition, storage, and monitoring. The obtained data from the developed system are also validated with the actual PV generation. The results are found comparable and it also reveals that low-powered Zigbee is ideal for monitoring the distributed PV generation where the data delivery requirement is not urgent.
INTRODUCTION
Smart grid (SG) is an intelligent power generation, distribution, and control system which will provide variety of services including integration of renewable energy sources in large scale, real-time pricing information service to customers, demand response programs requests in commercial and residential customers, and efficient outage detection [1] [2] [3] . All of the above services provided by SG require the analysis of real time data, control of electrical loads for demand response, and reduction in energy. The services can be established with stability and reliability through a proper monitoring system. Many recent solar power plants have been monitored through communication systems to ensure data collection and analysis. An effective approach in supporting this process is to develop effective wireless communication architecture. The current electrical utility are based on hybrid technologies including fiber optics, power line carrier systems, copper-wire line, and others whose infrastructure cost are expensive [4] [5] . This multi-level integrated communication infrastructure to enable grid modernization is illustrated as Figure 1 . This infrastructure employs the Wide Area Network (WAN) to support automated meter readings, customer home appliance connections, and substation automation (SA). This can improve the service reliability and quality which includes reduced outage times, improved notification of electricity network problems, and provide customers with proper options and tools to understand their energy usage to avoid power quality degradation [6] . Besides these, SG communication infrastructure in SG will provide detailed real-time data on distributed energy generation, electricity transmission and power consumption. In this context, the deployment of Wireless Sensor Network (WSN) in solar power plant monitoring is considered to be the most suitable technology as it provides highly advanced valuable communication services without requiring the complexity of the architecture and the expensive infrastructure [7] [8] . Furthermore, WSN offers significant features such as wide area coverage, no leasing cost, easy access to remote sites and the ability of adapting to changing network patterns. [11] . Zigbee is one of the wireless technologies has many advantages on low cost, low-powered, and simple in design and architecture. Besides these, Zigbee can operate over both licensed and unlicensed spectrum and having a standardized protocol based on IEEE 802.15.4 standards. Additionally, it supports a standardized platform for exchanging data between utilities and smart metering devices and appliances located on customer premises [12] . Due to all these features, Zigbee facilitates easy network deployment and implementation, and thus is considered as one of the most suitable wireless technologies for SG applications. Many researchers have proposed Zigbee in different application of SG for monitoring purpose. Zigbee smart energy profile focuses on metering support, demand response and load control, pricing support, and text message support [13] [14] [15] . In [16] , Zigbee as a WS was deployed to measure voltage, current, solar irradiance and temperature at the module level. Information is used to control a DC-DC converter for the purpose of maximum tracking of power point. A thorough similar application covering sensor node design and going up to the system level and database integration is described in [17] . In [18] , structural monitoring for both electrical machines in the turbine tower and for the structure itself is carried out through a network of wireless sensors with integrated acceleration, displacement and force transducers. Based on the literature studies, Zigbee technology has not been deployed for the distributed solar power plant monitoring. Therefore, to evaluate the reliability of Zigbee based PV power plant monitoring system is an urgent requirement for performance of Zigbee in this special domain of SG.
To address this requirement, in this paper, AC electricalparameters measurement circuit is designed compatible for Arduino UNO embedded board interfaced with Zigbee radio and installed in the distribute PV generation. With this, a LabVIEW program is implemented at the control center server system linked to the Microsoft Access Database (MS Access DB). The AC electrical parameters are obtained using this developed Zigbee based data acquisition system and exported to the control center. Zigbee gateway or coordinator is dedicated for data receiving through LabVIEW program in real-time. With the proper monitoring using graphical interface of LAbVIEW program, the wireless data are stored into the MS Access DB simultaneously. Sensor data insertion problem into the DB table is observed and the relevant solution has been provided. Also, the obtained data from Zigbee are validated with the actual generation of the PV plant.
The organization of this paper is as follows. Section II explains the advantageous features of Zigbee and a comparison studies with other communication technologies are presented. The experimental setup, designing circuit, node creation, and LabVIEW program implementation are explained in Section III. Section IV presents the results in LabVIEW program and data validation. Finally, section V concludes this paper.
II. ZIGBEE AND OTHER COMMUNICATION TECHNOLOGIES
For system employing wireless data transmission, a wider variety of data transmission technology has been reported, such as the use of satellite [9] , GSM [10] , Zigbee and other unspecified RF devices [11] . Among these, data transmission via satellite was reported to be slow, taking around 8 to 12 min and require high cost of installation. GSM on the other hand is more reliable via the transmission with SMS, with accuracy of data transmission up to 100%. It also exhibits low retransmission rate and low total data loss rate. The main drawback of GSM is its high operating cost, as the user needs to pay for the data transmission service. As seen from the surveyed literature, RF data transmission was quite a popular mean of wireless data transfer. Radio communication is able to send and receive a large amount of information at a low cost of transmission. Besides, it is also a good alternative in remote area which does not have telephone lines. However, its main disadvantages are the high cost installation and the challenges in obtaining permission for the transmission frequency. Bluetooth support simple wireless networking but only cover short distances [19] . Wi-Fi is another alternative technology in wireless communication where it has high data transfer rate and supports star topology. However, the cost of Wi-Fi device is relatively higher compared to Bluetooth and Zigbee. Furthermore, the power consumption is significantly higher as well. Hence, it is found that most monitoring systems prefer lower cost solutions, particularly Zigbee device. Although the transfer rate of Zigbee is comparatively lower than Wi-Fi, it is sufficient for the monitoring system [20] . Another favourable feature of Zigbee is that it allocates special time slot to avoid data collision. When the previous data is still in buffer, Zigbee will save the incoming data to a special time slot and wait until the buffer is cleared before retrieving the data from the time slot. Thus, data collision can be avoided. In addition, the Zigbee mesh topology allow the integration of other wireless node which makes it upgradable to support large network capacity of up to 65,536 nodes compared to 7 and >1000 nodes for Bluetooth and Wi-Fi respectively. When operating in mesh topology, Zigbee is tolerant to failure such as device drop out, where it enables the device to establish another link between available nodes. These features make Zigbee a popular option for data transmission in wireless application. Besides these, the outcome and ZigBee Alliance's report shows that the ZigBee can coexist with WiFi while the desirable quality of service can be sustained [21] . Table I 
III. EXPERIMENTAL SETUP AND PROGRAM IMPLEMENTATION
The experimental setup is mainly conducted in the PV distribution site. The WS-node is fabricated considering Arduino UNO board, Zigbee and the designed circuit. After the node fabrication, it is installed in the PV inverter. On the other hand, the Zigbee receiver is installed at the control center. Figure 2 depicts the distribution and control sites setup. Each part of the site and program development has been explained in the following subsections. 
A. AC Electrical Parameters Measurement Circuit
The WS-node is comprised of AC electrical parameters' measurement circuit, Arduino UNO embedded board and Zigbee S1 series communication radio. The node is installed into the PV inverter to measure the AC electrical parameters such as AC current and AC voltage. The 220VAC from the inverter is transferred by tapping live and neutral wire to Arduino UNO analog pin. However, the 220VAC must be reduced to 5V maximum because the Arduino UNO embedded board does not allow more than 5V as input. To step down the voltage, voltage divider rule is applied and built voltage measurement circuit. Moreover, AC voltage is sinusoidal with negative and positive values and Arduino Uno is unable to read those negative values. Therefore, additionally an offset circuit is appended to the main circuit. The circuit and simulation output is shown in Figure 3 . On the other hand, a non-invasive AC current sensor (SCTO13) is interfaced with the Arduino UNO analog pin for measuring AC current of the PV module. 
B. Configuring Zigbee using X-CTU
In order to use Zigbee S1, X-CTU program is used for configuring PANID and destination address. The detail steps of configuring Zigbee are explained in [22] . In brief, both Zigbee and the coordinator are required to configure 16 bit source and destination address with its PAN ID. PAN ID is important as it avoids conflicting from other network. In each network, all the node terminals contain same PAN ID. In this experiment, one network is created using a single PAN ID. In one Zigbee's destination should be the other Zigbee's source address, and vice versa. For example, if the two Zigbee modules are labeled as Zigbee1 Zigbee2, the source and destination address of Zigbee1 is XXXX and YYYY respectively. On the other hand, the source and destination address of Zigbee2 is YYYY and XXXX respectively. The configuration of the two Zigbee1 and Zigbee2 for this project is shown in Table II .
C. Configuring Zigbee using Microcontroller Program
Alternatively, Zigbee modules can be configured using microcontroller programming. Figure 4 illustrates the flow diagram of configuring Zigbee radios. Besides the three parameters such as PAN ID, channel and encryption key, Zigbee has another 64 bit non-modifiable distinct IEEE MAC address that facilitates it to communicate with other Zigbee node terminals. Zigbee 2.4GHz recognizes 16 frequency channels from 0x0B to 0x1A where out of these channels, one channel is set.
D. Interfacing LCD with Arduino UNO
A LCD is interfaced with Arduino UNO for monitoring the data at the distributed location. The LCD displays AC electrical parameters obtained from the PV inverter simultaneously when it sends using Zigbee. This LCD interfacing ensures the authenticity of the data transmitted wirelessly at every interval. 
E. LabVIEW Program
Data sent from the distributed WS-node is received by the coordinator at control center. The data can be displayed using X-CTU program. However, this process has some disadvantages such as unorganized data-display, difficult to analyze, and improper way of monitoring. Moreover, this packet data generated by WS-node cannot be saved for further processing. To overcome these problems, a graphical user interface is developed using LabVIEW program and also connected with the MS Access DB. LabVIEW provides various comprehensive measurement and control tools in a single application package. Besides, it presents a simple graphical environment that permits the system operator to process easily in complex data-processing algorithms.
The data retrieval system implemented using LabVIEW is started by opening the serial connection of Zigbee as shown in Figure 5 . Then, the VISA serial port considers if there is any incoming data by referring to the sampling interval of the system. If there is any incoming data, it is written from serial port. The "READ VISA" block reads the specified number of bytes and returns the data in read buffer. The data is read from string and returns the substring of the input string according to the WS-node packet format. Delimiter is defined based on the WS-node ID (when more than one node). The data from the WS-node is plotted and displayed on the graphical interface for monitoring in real time. The program then checks and waits for the next sampling interval in order to read the next incoming data. All the data that has been retrieved is bundled according to data type, together with the timestamp. The data being read is then sent to the DB and stored for data storing and analysis purposes. Once LabVIEW Database Connectivity is established, the data is stored into the DB and close its connection. The process is repeated for next incoming packet data. 
F. MS Access DB
Clustered data which consists of multiple elements ( Figure 6 ) that are inserted into the "DB Tool Insert Data" block cannot be stored. This is due to the sensor data is floating type clustered of 1D array form. This clustered data can be fed to the graph indicator blocks for plotting. However, insertion this clustered data to DB Tools Insert Data block shows unreadable format in the MS access DB table (.mdb file). The reason is-the clustered data type is not specified by the index of the array where the sensor data contains. This problem can be explained in polymorphic cluster function in LabVIEW.
In order to solve the problem, the elements in the clustered data type have to be specified by indexing the 1D array. Rowdata can be stored accordingly by specifying the data type (i.e. double-floating-point numeric value) and the index of the element with the "Bundle VI" block. Then "DB Insert Data" block inserts each item in the bundle to the columns input. When the bundle of polymorphic function data is wired to "DB Tool Insert Data" block, the function inserts the specified indexed of elements (data contains in each specific index) column-wise into the DB table. Figure 6 illustrates each sensor data contained in a specific index array is bundled and then fed into the DB.
IV. RESULT ANALYSIS The graphical user interface is shown in Figure 7 where two electrical parameters, AC voltage and AC current are monitored at the control center, 50m away from the distribution site. The parameters retrieved from the PV inverter installed at the distribution site are sent wirelessly. The parameters are also plotted and stored into the database in real-time. In order to evaluate the reliability of the developed Zigbee based wireless data acquisition system, data has been validated by comparing measurement and DB stored data. To conduct this validation, digital clamp and multimeter are used to measure the data and then compared with DB stored data. In this testing, Agilent U1231A digital multimeter and UT 200 series digital clamp multimeter are used for measuring the AC voltage, and AC current respectively. Figure 8 shows the validation procedure conducted in the distributed site.
The interval for each measurement is set every 10 minutes. Based on the graphs as plotted in Figure 9 , very insignificant difference is observed between the measured and obtained data. The slight inaccuracy could be due to the inefficiency of the transducer at the node, measurement error during reading the values from the multimeter, and lack of synchronization delay between the embedded board and the LabVIEW program. Overall, the wireless obtained data closely resembles the values measured from the multimeter. This validates the accuracy of the electrical measurement parameters using Zigbee based monitoring system.
V. CONCLUSION
Zigbee is a low cost and low-powered wireless technology which is mainly suitable for monitoring purpose. In this investigation, the aim was to assess implementation of Zigbee based data acquisition system for monitoring distributed PV plant. The investigation of Zigbee in PV monitoring has shown that data can be imported to the control center within the limited distance. Also the results have unveiled that Zigbee is not suitable where data demand is critical and urgent. Taken together, these findings suggest a role for Zigbee in integrating large scale distributed PV power plant to the future SG control center. Further studies need to be carried out in order to validate the data importing service requirement by implementing more numbers of Zigbee nodes in the PV plant through this cost effective way. 
